RHBDD2 is an intramembrane pseudoprotease member of the Rhomboid superfamily. Our previous studies in breast and colorectal cancer indicate an association between RHBDD2 overexpression and advanced tumor stages. Two alternative transcriptional variants have been described for RHBDD2, which would be encoding for different RHBDD2 protein isoforms. The expression of these RHBDD2 variants/isoforms and its association with breast cancer was the focus of this study. First, expression of RHBDD2 splicing variants was evaluated in normal and breast tumor samples. RHBDD2 variant 2 overexpression was detected in tumors in respect to normal breast tissues at the mRNA and protein levels (P<0.05). Moreover, RHBDD2 variant 2 expression was associated with poor prognostic factors such as basal-like intrinsic subtype (P<0.05), high proliferation (P<0.01) and long-term risk-of-recurrence (P<0.01) scores. Second, the expression of both variants was evaluated under nutritional-deprived conditions in breast cancer cell lines. Results demonstrated that RHBDD2 splicing was switched from mRNA variant 1 to variant 2 in association with a significant increment of protein isoform B in response to glucose starvation treatment. Therefore, we propose that the switch from the RHBDD2 variant 1, expressed in normal epithelial cells, to variant 2 occurs as an adaptive phenotype to bypass the stressful tumor microenvironment and promote tumor progression. Finally, the RHBDD2 subcellular localization was corroborated at the Golgi apparatus and their associated v-SNARE transport vesicles, suggesting a putative new role for RHBDD2 in the protein trafficking of human breast cancer cells.
Introduction
Rhomboid genes encode the most distributed and evolutionarily conserved polytopic intramembrane proteins (1) . This superfamily comprises active intramembrane serine proteases that can activate or transactivate the epidermal growth factor receptor (EGFR) signaling pathway and a group of non-catalytic members with diverse cellular functions (1) . The human genome contains 14 rhomboid genes that can be grouped into five rhomboid proteases (RHBDL1/2/3/4 and PARL) and nine pseudoproteases (iRhom1/2, Derlin1/2/3, RHBDD2/3, UBAC2 and TMEM115) (2) . Previous studies have demonstrated that rhomboid proteases and pseudoproteases are involved in several cellular processes such as cell proliferation, apoptosis, endoplasmic reticulum (ER) stress and EGFR activation. Rhomboids have also been associated with human diseases, such as neurodegenerative conditions, as well as cancer (2) . RHBDD2 pseudoprotease has been found overexpressed in advanced-stage breast and colorectal cancers (3) (4) (5) (6) . Although the particular RHBDD2 function has not yet been assessed, its expression has been associated with breast cancer cell migration, proliferation, and cellular response to ER stress (7) . A previous study has suggested the existence of two human RHBDD2 transcriptional variants which are differentiated by the alternative splicing of exon II in the mature mRNA (4) . The RHBDD2 mRNA variant 1 (RHBDD2-1) encodes a protein known as isoform A, while RHBDD2 variant 2 (RHBDD2-2) encodes a shorter protein called isoform B (4) .
It is known that a subtle balance between splicing variants is crucial to cellular homeostasis, while the unbalanced expression of splicing variants contributes to cancer development (8) . The expression pattern of specific variants of numerous genes (eg. BRCA1/2 genes) is altered during oncogenesis giving the cell an adaptive phenotype to the changing tumor environment (9, 10) . The switch between isoforms is regulated by different genetics and environmental factors finally determining the tumor phenotype (11, 12) .
In the present study, we analyzed the expression of the RHBDD2 splicing variants in neoplastic and normal breast samples, as well as in breast cancer cell lines under nutritional stress conditions. In addition, we determined the RHBDD2 protein subcellular localization in breast cancer cells.
Materials and methods
Breast tissue samples. Breast tissue specimens were obtained from different hospitals and medical centres associated with the School of Medical Sciences of the National University of La Plata. Twenty-three breast primary tumor samples (all invasive ductal carcinomas), as well as 12 normal mammary gland samples obtained from aesthetic mammoplasties were studied. All samples were obtained from female patients ranging from 28 to 89 years old, during the period from February 2011 to October 2015.
Breast cancer cell line culture and glucose starvation (GS) assay. The human MCF7, T47D and MDA-MB-231 breast cancer cell lines were purchased from the ATCC ® Bioresource Center (Manassas, VA, USA). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (D7777; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) with 10% fetal bovine serum (FBS; Natocor, Villa Carlos Paz, Argentina), 100 U/ml penicillin and 100 µg/ml streptomycin (P0781; Sigma-Aldrich; Merck KGaA) at 37˚C in humidified atmosphere with 5% CO 2 . MCF7 and T47D cell lines were also cultured under glucose starvation (GS) conditions. Briefly, cells were cultured on a 6-well plate to 70% confluence in complete DMEM (D7777) with glucose as described above. Then, the medium was replaced by incomplete DMEM medium (D5030; Sigma-Aldrich; Merck KGaA) without glucose and FBS, supplemented with 100 U/ml penicillin and 100 µg/ml streptomycin. Cells were maintained under GS condition for 3, 6, 9 and 12 h. Control cells were cultured in complete DMEM. At each time point, the cells were harvested and total protein and RNA were isolated.
Protein and total RNA were isolated using TRI Reagent TM solution (Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's protocol. The SuperScript TM Reverse Transcriptase kit (Thermo Fisher Scientific, Inc.) was used for cDNA synthesis according to the manufacturer's protocol.
Gene expression analysis. Total RHBDD2 and RHBDD2-2 (splicing variant 2) expression levels were analyzed by RT-qPCR using the StepOne TM Real-Time PCR System and associated Software v2.3 (Thermo Fisher Scientific, Inc.). In addition, genes involved in cell stress response were evaluated: DDIT3 mRNA expression was measured as reference for cell GS response (13) , while HSPA5 and CALR were evaluated for ER cell stress (14, 15) . Gene expression levels were calculated by the 2 -ΔCq method (16), using as reference rRNA18S. The SYBR TM Select Master Mix (Thermo Fisher Scientific, Inc.) was used for RT-qPCR reaction solution, according to manufacturer's protocol. The following primers were used: total RHBDD2 (Fw: 5'-ggtgtttggcatggttgtg-3', Rv: 5'-cgatggaatagcagtaggtga-3'); RHBDD2-2 (Fw: 5'-attacagcagaggagactgg-3', Rv: 5'-gatgtaggttaccagcctgt-3'); DDIT3 (Fw: 5'-agccaaaatcagagctggaa-3' and Rv: 5'-tggatcagtctggaaaagca-3); HSPA5 (Fw: 5'-cacagtggtgcctaccaaga-3' and Rv: 5'-tgt ctt ttg tca ggg gtc ttt-3'); CALR (Fw: 5'-aca acc ccg agt att ctc cc-3' and Rv: 5'-tgt caa aga tgg tgc cag ac-3') and rRNA18S (Fw: 5'-gta acc cgtt gaa ccc catt-3', Rv: 5'-cca tcc aat cgg tag tag cg-3'). RT-PCR thermal profile was as follows: 5 min at 95˚C, 40 cycles of 40 sec at 95˚C-30 sec at 55˚C (for all primer pairs)-30 sec at 72˚C, and a final cycle at 95˚C for 1 min-55˚C for 30 sec and 96˚C for 30 sec was added.
RHBDD2 isoform analysis in breast cancer cell lines and tissue samples. The RHBDD2 splicing variants and protein isoform expression were evaluated in breast cancer cell lines and breast normal and tumor samples selected for showing RHBDD2 mRNA expression. Total RHBDD2 and RHBDD2-2 mRNA expression were analyzed by RT-qPCR, using the primers mentioned above. We also evaluated by direct sequencing the RHBDD2 splicing variant RT-PCR products obtained with the primer pair: Fw: 5'-tgaagtccgaggccctt-3' (complementary to exon I) and Rv: 5'-caaagcgccagatgatgata-3' (complementary to exon III).
The RHBDD2 protein isoforms were detected by SDS-PAGE followed by Western-blot analysis. Total protein was isolated from human cell lines and breast samples with TRI Reagent TM Solution (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. The primary antibody: rabbit anti-RHBDD2 (1:1,000; cat. no. TA306891; Origene, Rockville, MD, USA) was incubated overnight at 4˚C. The antibody target sequence is located at the C-terminal domain of both RHBDD2 isoforms. Then, the secondary antibody, goat anti-rabbit IgG-HRP conjugate (1:2,000; cat. no. P0448; Dako Denmark, Glostrup, Hovedstaden, DK) was incubated for 3 h at 4˚C. The estimated molecular weight for RHBDD2 isoform A is 39.21 kDa (364 aa), and for RHBDD2 isoform B is 23.64 kDa (223 aa). ACTB was used as a loading reference (42 kDa). It was detected using the primary antibody: mouse anti-β-actin-HRP conjugate (1:5,000; cat. no. ab173838; Abcam, Cambridge, MA, USA) incubated for 3 h at 4˚C. Protein bands were visualized by chemiluminescence reaction on radiographic plates using the EasySee Western Blot kit (DW101-01; TransBionovo, BJ, CN). The relative expression of the RHBDD2 isoforms was determined by density band analysis with ImageJ software (https://imagej.nih.gov/ij/). RHBDD2 subcellular localization by confocal immunofluorescence. The RHBDD2 subcellular localization was determined by fluorescence immunocytochemistry in MCF7, T47D and MDA-MB-231 cells. Cells were grown on a 100-mm 2 cover glass to 70% confluence and fixed with 4% formaldehyde or cold acetone. Initially, the cell membrane was permeabilized with 0.01% Triton, incubating for 10 min at room temperature. Then, the cells were incubated overnight at 4˚C with the primary antibodies: rabbit anti-RHBDD2 (1:400); mouse anti-CANX (1:50; cat. no. MA3-027; Thermo Fisher Scientific, Inc.) for ER detection (17) ; mouse anti-GalNacT3 (culture supernatant donated by Professor Ulla Mandel, Copenhagen Center for Glycomics, University of Copenhagen) for Golgi apparatus detection (18) ; and mouse anti-Ykt6p v-SNARE (E-2) (1:50; cat. no. sc-365732; Santa Cruz Biotechnology, Dallas, TX, USA) for transport vesicle detection (19) . Later, cells were incubated for 2 h at 4˚C with the secondary antibodies: goat anti-rabbit IgG-Cy3 conjugate (1:200; cat. no. 711165152; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) and goat anti-mouse IgG-biotin conjugate (1:100; cat. no. BA9200; Vector Laboratories, Inc., Burlingame, CA, USA). Then, the cells were incubated with streptavidin-FITC conjugated-(1:10,000; cat. no. SA10002; Thermo Fisher Scientific, Inc.) for 30 min at room temperature. Finally, cells were visualized using the Confocal FluoView™ 1000 immunofluorescence microscope. Images were acquired at red and green fluorescence signal channels with the associated FluoView Software (Olympus Latin America, Miami, FL, USA). Colocalization analysis was performed with the JaCoP application on ImageJ software. The Pearson's (R) correlation coefficient was calculated for colocalization quantification (20) .
Statistical analysis. RT-qPCR experiments were performed in triplicate for each data point. Data were analyzed using the Student's t-test or one-way analysis of variance (ANOVA). Data are expressed as the means ± 2 standard deviations (SDs) of the sample. All tests were two-tailed, and the level of statistical significance was set at P≤0.05. Statistical analysis was performed with R Software (https://www.r-project.org/).
In silico analysis of RHBDD2 splicing variants in breast carcinomas.
To further investigate the relevance of both RHBDD2 splicing variants in human breast carcinomas, RHBDD2 transcript variant profiles were analyzed employing The Cancer Genome Atlas-Breast Cancer (TCGA-BRCA) RNA-Seq dataset obtained from the UCSC Xena TOIL RNA-seq recompute resource.
Brief ly, RHBDD2-1 (ENST00000006777.10) and RHBDD2-2 (ENST00000428119.1) expression levels were evaluated in 1,092 primary invasive breast carcinomas. Seven-hundred and twenty-nine cases out of 1,092 showed high expression levels of RHBDD2-1 (Var 1), RHBDD2-2 (Var 2) or both variants that were subsequently grouped according to their intrinsic subtypes, proliferative and Risk-Of-Recurrence scores (ROR-P). Intrinsic subtypes and their derivate scores (proliferation and ROR-P) were determined using the 50-gene (PAM50) predictor bioclassifier R script (21) .
Results
The RHBDD2 gene encodes t wo splicing variants differentially expressed in tumor and normal tissues. RHBDD2 gene sequence analysis allowed the identification of 5 exons and 4 introns with two putative transcripts differentiated by the alternative splicing of exon II in the mature mRNA (4). The RHBDD2 mRNA variant 1 (RHBDD2-1) is a transcript of 1,756 nt encoded by the exons I, III, IV and V. The RHBDD2-2 variant is a transcript of 1,878 nt encoded by the exons I, II, III, IV and V.
The expression pattern of the RHBDD2 splicing variants was evaluated on breast cancer cell lines and on known RHBDD2-positive breast tumor and normal samples by RT-PCR. We used a primer pair designed to detect both mRNA variants; the forward primer spanned exon I and the reverse primer spanned exon III. The expected PCR products for the RHBDD2-1 and RHBDD2-2 variants (111 bp and 233 bp, respectively) were detected on the analyzed samples. The identity of the amplification products was confirmed by PCR amplicon sequencing (Fig. 1A) .
In addition, RHBDD2 splicing variants expression were analyzed by RT-qPCR in normal and tumor samples ( Fig. 1B) . RHBDD2-1 expression was detected in all normal and tumor samples. While, RHBDD2-2 expression was more frequently detected in tumors (78%, 18 out of 23) than in normal tissues (42%, 5 out of 12) (P<0.05, Fig. 1B ). Moreover, a significant increment in the RHBDD2-2 expression level was detected in tumors in respect to normal breast samples (P<0.05, Fig. 1C ).
RHBDD2-2 expression is associated with poor patient prognostic factors. The expression profiles of RHBDD2 splicing variants were analyzed in a 729 breast cancer samples, obtained from the TCGA-BRCA RNA-Seq database.
RHBDD2-2 variant expression was found to be significantly more frequent in basal-like breast carcinomas (49% of cases) in respect to luminal-like tumors (19% of cases, P<0.05), but not in respect to Her2-enriched tumors (P>0.05) ( Fig. 2A) . In addition, patients with primary breast carcinomas that expressed the RHBDD2-2 variant had an increased proliferative and ROR-P scores compared with tumors expressing the RHBDD2-1 variant (P<0.01, Fig. 2B and C) .
RHBDD2-2 is translated to protein and overexpressed in breast cancer cells.
In order to confirm RHBDD2-2 expression at the protein level, total protein from breast cancer cell lines, normal and breast tumor samples was analyzed by western blot. An anti-RHBDD2 antibody against a C-terminus aa sequence present in both RHBDD2 isoforms was used. The RHBDD2-1 mRNA variant encodes a 364 aa protein known as isoform A (39.21 kDa). The RHBDD2-2 variant encodes a 223 aa protein we called isoform B protein (23.64 kDa) with a shorter N-terminus, translated from an internal AUG codon in exon III.
Both RHBDD2 protein isoforms were detected: isoform A at 39 kDa and isoform B at 24 kDa. ACTB was used as reference for relative protein isoform amount estimation (Fig. 3A) . As expected, a significant overexpression of total RHBDD2 protein was detected in the tumor samples (P<0.01). Individual RHBDD2 isoform analysis detected a statistically significant increment of RHBDD2 isoform B expression in respect to isoform A in the tumoral samples (P<0.01). In contrast, isoform B expression was lower than isoform A in the normal samples (P<0.05, Fig. 3B ).
RHBDD2 subcellular localization. RHBDD2 subcellular localization was determined by confocal immunofluorescence microscopy in the human breast cancer cell lines MCF7, T47D and MDA-MB-231. Quantification of colocalization analysis revealed a positive correlation between RHBDD2 and the Golgi apparatus marker GalNacT3 (R>0.7, Fig. 3C ), also the ER-Golgi/intra-Golgi transport vesicle marker Ytk6 v-SNARE (R= 0.8, Fig. 3D ), but not the ER marker CANX (R<0.4, Fig. 3C ).
Glucose starvation triggers RHBDD2 variant 2 expression in breast cancer cells.
Total RHBDD2 and RHBDD2-2 mRNA levels were evaluated in the MCF7 and T47D cells under GS conditions from 3 to 12 h by RT-qPCR. A significant decrease in total RHBDD2 mRNA expression was detected under GS conditions in the MCF7 (P<0.02) and T47D (P<0.03) cell lines (Fig. 4A ). However, a statistically significant induction of RHBDD2-2 expression was observed at 6 h of GS treatment in both cancer cell lines (P<0.01). The RHBDD2-2 highest expression levels were detected at 9 and 12 h of GS treatment in the MCF7 (P<0.00001) and T47D (P<0.0001) cells respectively (Fig. 4B ). In addition, a concomitant significant RHBDD2-1 decrease was observed (P<0.03, Fig. 4B ), indicating a switch from RHBDD2 variant 1 to RHBDD2 variant 2 in response to GS. The cellular response to GS was confirmed by DDIT3 mRNA level analysis (13) . As expected, a significant increment of DDIT3 expression was detected under GS in the MCF7 (P<0.01) and T47D (P<0.0001) cells (Fig. 4D ). In addition, CALR and HSPA5 mRNA levels were analyzed as ER cell stress response biomarkers (14, 15) . These data suggest that GS treatment does not induce ER cell stress response in both cellular models ( Fig. 4E and F) . Furthermore, expression of RHBDD2 protein isoforms was also analyzed in MCF7 cells. A significant increment of total RHBDD2 protein was detected at 3, 6 and 9 h of GS respect to controls (P<0.01, Fig. 4C ). In addition, a significant increment of isoform B expression was detected at 6 and 9 h of GS in respect to the control cells (P<0.01), while a significant reduction of isoform A was observed (P<0.01, Fig. 4C ).
Discussion
The RHBDD2 gene belongs to the Rhomboid transmembrane protein superfamily. Among the rhomboid proteases and pseudoproteases members, RHBDD2 is classified as a pseudoprotease because of the loss of the catalytic site (1) . Although the RHBDD2 cell function is unknown, its aberrant expression has been associated with malignant diseases (2) . RHBDD2 overexpression was initially described by Abba et al in patients with advanced breast cancer as a consequence of gene amplification events (3). Recently, we described a significant association between RHBDD2 overexpression among breast carcinomas with low/negative progesterone receptor expression (6) . In the present study, we demonstrated that RHBDD2 mRNA variants and their coding proteins can be differentially detected in breast tumor and normal specimens. As previously described (3, 4, 6) , total RHBDD2 (mRNA and protein) was found to be upregulated in breast carcinomas. However, individual splicing variant analysis allowed us to detect a significant increment in RHBDD2-2 variant expression in breast carcinomas in respect to normal tissues. More importantly, we identified an increased expression of isoform B in respect to isoform A in tumor samples, extending our previous knowledge of RHBDD2 expression in this malignant disease. Furthermore, in-silico analysis of TCGA-BRCA RNA-Seq data showed a significantly increased expression of the RHBDD2-2 variant in the basal-like breast cancer subtype. This subtype is characterized by an aggressive phenotype and does not respond to hormonal therapy but to chemotherapy with anthracycline and taxane (22) . The RHBDD2-2 variant was also associated with the highest cell proliferation and ROR-P scores indicating a worse outcome for patients with this variant expression in respect to RHBDD2-1.
Sustained tumor growth requires the capability to deal with a nutrient-deprived microenvironment before neovascular development. Glucose deprivation has diverse effects in cancer cell lines depending on lineage differences and the presence of mutations in the several pathways it may trigger (23) . Besides the alteration in glucose metabolism and cancer-related pathways (eg. mTOR and AKT), glucose starvation may trigger changes in RNA processing, protein delivery and Golgi physiology (24, 25) . In the present study, we evaluated the RHBDD2 response to nutritional stress by glucose deprivation based on its previously described association with the modulation of cellular stress conditions (5, 7) . A decrease in total RHBDD2 mRNA expression level was detected in response to GS. However, we observed a significant increase in RHBDD2-2 expression concomitant with a reduction in RHBDD2-1 mRNA levels. Under normal glucose conditions RHBDD2-1 was the most expressed variant. In agreement with these data, RHBDD2 protein isoform B significantly increased its expression in response to glucose deprivation in contrast to the isoform A, whose expression was reduced. The mechanisms that could modulate mRNA splicing in response to glucose starvation in in vitro models have not been completely determined. Regulation of mRNA splicing by nutritional factors has been described in glucose-6-phosphate dehydrogenase (G6PD) expression (24) . Starvation inhibits G6PD splicing by decreasing the rate of intron removal, leading to a decrease in mature mRNA (26) . Glucose starvation-induced splicing regulatory events have also been described in tumor cell lines. In murine ovarian carcinoma cells, VEGF mRNA variant expression and stability are affected by glucose starvation (27) .
mRNA sequence analysis indicated that protein isoform A is translated from an AUG codon in the RHBDD2-1 exon I, while isoform B should be translated from an internal AUG codon located in the RHBDD2-2 exon III. Two well-known stress-related regulatory mechanisms could be driving the translation process of isoform B: the internal ribosome entry sites (IRES) and the upstream open reading frames (uORFs) (28) . IRES elements are specialized RNA regulatory sequences governing cap-independent translation initiation from internal AUGs that are translated during cellular stress when cap-dependent translation is compromised (29) . uORFs are sequences defined by an initiation codon in frame with a termination codon located upstream or downstream to the main AUG. uORFs has been described to modulate the expression of stress-related mRNAs such as CHOP, ATF4/5 and GADD34 (30) . Importantly, RHBDD2 mRNA sequence analysis using the IRESite resource (http://iresite.org/) allow us to identify IRES elements in the 5'UTR region of the RHBDD2-2 variant. These regulatory sequences could be modulating the translational process of the RHBDD2 isoform B under different cellular stress conditions.
Using confocal microscopy, we were able to corroborate the localization of the RHBDD2 proteins at the Golgi apparatus of human breast cancer cells, as was previously determined in mouse-derived cell lines (31, 32) . We also identified the RHBDD2 proteins associated with V-SNARE transport vesicles involved in different Golgi trafficking processes. Overall, we proposed that a switch in RHBDD2 splicing variants and its protein products in the Golgi and associated transport vesicles may be related to a pro-survival signaling pathway initiated under the stressful tumor microenvironment conditions. Nevertheless, further studies should be conducted in other cancer cell lines and in vivo models in order to corroborate our findings and also to elucidate the role of the RHBDD2-2 variant in breast cancer progression.
